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This work was aimed to search for a cor re la tion be tween out door 222Rn air con cen tra tion and
210Pb ac tiv ity in par tic u late sam ples col lected on a fil ter. The ex is tence of a cor re la tion could
sup port the hy poth e sis that both 222Rn and its long-lived prod uct 210Pb are em bed ded into
the same air masses and un dergo the same air trans port phe nom ena. Lead-210 ac tiv ity was
de ter mined by means of gamma ray spec tro met ric mea sure ment car ried out a few days af ter
the sam pling whereas 222Rn con cen tra tion was mea sured through a com mer cial mon i tor. Ex -
per i men tal tests al lowed to ob tain a weak cor re la tion be tween 222Rn and 210Pb air con cen tra -
tion as a pre lim i nary re sult due to high un cer tain ties of out door 222Rn con cen tra tion mea -
sure ments. 
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IN TRO DUC TION
Ra dio ac tiv ity mea sure ment of air particulates
col lected on fil ter is a stan dard method used in en vi ron -
men tal mon i tor ing to eval u ate air con cen tra tion of both
nat u ral and ar ti fi cial gamma-emit ting radionuclides.
Over the last years, our in ter est was aimed to study tech -
niques for sam pling and mea sure ment of air par tic u late
mat ter, with ref er ence to ar ti fi cial radionuclides from
nu clear ac ci dents or in re sus pend ed dusts as well as nat -
u ral spe cies pro duced by cos mic-ray in ter ac tions with
the at mo sphere and 222Rn de cay prod ucts [1-9].
A par tic u lar in ter est has been fo cussed on 210Pb
air con cen tra tion eval u a tion both as a tracer to study
at mo spheric aero sol trans port and for its con tri bu tion
to pop u la tion dose from in ter nal ir ra di a tion [5, 10-12]. 
Air borne ac tiv ity of 210Pb (half-life, T1/2 = 22.3 year), a 
daugh ter prod uct in the 238U de cay se ries, is mainly
pro duced by the short-lived de cay prod ucts of 222Rn
(T1/2 = 3.8 d), in ert ra dio ac tive gas em a nates from soils 
and build ing ma te ri als into the at mo sphere. Once pro -
duced, 222Rn short lived daugh ters (218Po, T1/2 = 3.05
min; 214Pb, T1/2 = 26.8 min; 214Bi, T1/2 = 19.9 min) and
210Pb be come at tached to the aero sols par ti cles and
their con cen tra tions change as a re sult of the move -
ment of air masses.
Due to its half-life, 210Pb can be prac ti cally con -
sid ered the fi nal prod uct of 222Rn de cay, and there fore
its ac tiv ity can be cor re lated with the out door 222Rn
con cen tra tion. In a pre vi ous work [10] a re la tion ship
be tween air borne 210Pb con cen tra tion and wind di rec -
tion was high lighted. In deed, the low est av er age val -
ues of 210Pb con cen tra tion were ob served in cor re -
spon dence to wind di rec tions bring ing mar i time air
masses. The ex is tence of a cor re la tion could sup port
the hy poth e sis that both 222Rn and its long-lived prod -
uct 210Pb are em bed ded into the same air masses and
thus un dergo the same air trans port phe nom ena.
Some cor re la tions were al ready es tab lished for
in door air, where it is fairly easy to find re li able 222Rn
mea sure ment in stru ments [13-17], while few stud ies
were con cerned out door en vi ron ments [e. g., 18].  
The most wide spread mea sure ment tech niques
adopted to eval u ate 210Pb air ac tiv ity con cen tra tion
dif fer in anal y sis and sam ple prep a ra tion meth ods, and 
some of them in volve com plex chem i cal sep a ra tion
pro cesses of 210Pb from its daugh ters [19-22]. Such
tech niques per mit the 210Pb ac tiv ity de ter mi na tion by
de tect ing   1.2  MeV a-emis sion  of  daugh ter 210Bi
(T1/2 = 5.0 days), in equi lib rium with 210Pb af ter about
30 days, or 5.3 MeV a-emis sion of its grand daugh ter
210Po (T1/2 = 138.4 days).  How ever, the high de tec tion
limit of the b-count ing tech nique needs of high level of 
ac tiv ity, while a-spec trom e try has the dis ad van tage of
a long de lay pe riod be tween sam pling and mea sure -
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ment to reach equi lib rium be tween ac tiv i ties of 210Pb
and 210Po [19-22].
The avail abil ity of a high-vol ume air sam pler
and a low back ground pla nar HPGe de tec tor, al lows
eval u a tion of 210Pb ac tiv ity on fil ter through a di rect
g-ray spec tro met ric mea sure ment car ried out a few
days af ter the sam pling. A de scrip tion of g-ray spec tro -
met ric sys tem be sides sam pling and mea sure ment
meth ods have al ready been re ported in pre vi ous works 
[1-6, 9, 10].
The aim of this study is to ver ify a pos si ble cor re -
la tion be tween mea sure ments of 210Pb ac tiv ity in par -
tic u late sam ples col lected on fil ter with out door 222Rn
air con cen tra tion. Ex per i men tal tests have al lowed to
ob tain a weak cor re la tion be tween 222Rn and 210Pb
con cen tra tion in out door air as a pre lim i nary re sult due 
to high un cer tain ties of out door 222Rn con cen tra tion
mea sure ments.
MA TE RI ALS AND METH ODS
Air par tic u late samplings
Out door par tic u late samplings were col lected on
cel lu lose fil ter pa per by means of a high-vol ume air
sam pler (HVAS) lo cated on the roof of de part ment
build ing, about 20 m above the ground level [3]. Par tic -
u late col lec tion was per formed by suc tion at mo spheric
air through a 45 cm × 45 cm Sofiltra Poelman HYN-75
(Bleu  type)  cel lu lose  fil ter  pa per  mounted ver ti cally
in  HVAS,  with  a  flow-rate  of about 900 m3h–1. The fil -
ter,  af ter  the  sam pling,  was cut into strips, folded and
pressed to ob tain a „packet-sam ple” ge om e try with 6
cm × 6 cm × 0.7 cm di men sions [1-6].
Sam pling on al most daily ba sis (14 h, from 7 p. m.
to 8 a. m. the fol low ing day, GMT time, about 12,000 m3
vol ume of air fil tered) was car ried out for a pe riod of
about 6 months, mainly in the Win ter and Spring months.
Air-flow rate was de ter mined through a Flow
Me ter Tur bine cal i brated by the man u fac turer (Flow
Tecnologies Inc.) in the mea sure ment range with a
spec i fi ca tion of a com bined un cer tainty of no more
than 1 % in the air vol ume sam pled. How ever, air flow
rate var ied with the suc tion time and to check the vari a -
tion, the flow rate was mea sured us ing a mi cro pro ces -
sor-based elec tronic cir cuit de signed for de tect ing and
con di tion ing im pulse sig nals from a mag netic pick-off 
de vice mounted on the Flow Me ter Tur bine. The out -
put low-am pli tude sig nals were con verted to 10 V
pulses and re corded by means of a PC-based
multi-chan nel scaler (MCS Silena EMCAPLUS) with
a 30-sec ond dwell time per chan nel [3].
Gamma ray spec tro met ric mea sure ments
The air par tic u late sam ples were an a lyzed by a
gamma-ray spec tro met ric sys tem with an ORTEC™
GLP Se ries Pla nar HPGe LEPS de tec tor, 1000 mm2
ac tive area and 7 mm depth, with a 0.254 mm thick be -
ryl lium win dow. The en ergy res o lu tion (FWHM) was
440 eV at 5.9 keV and 620 eV at 122 keV. 
The de tec tor was cou pled with an ORTEC™ 672
am pli fier and an ORTEC™ 919E EtherNIM mul ti -
chan nel Buffer con nected into an Ethernet en vi ron -
ment. Data anal y sis was per formed us ing EG&G
ORTEC™ GammaVision® version7 soft ware [23].
Lead-210 was iden ti fied through its gamma emis sion of 
46.5 keV, with an in ten sity of 4.23 ± 0.05 % [24]. To re -
duce the back ground level un der 46.5 keV photopeak,
spec tro met ric mea sure ments were car ried out a few
days af ter the sam pling to al low for the de cay of
short-lived prod ucts of 222Rn and 220Rn.
The 46.5 keV ef fi ciency eval u a tion was per -
formed by mea sur ing a cal i brated disk source of
210Pb-210Bi, 2.5 cm ac tive di am e ter, as de scribed in
[25]. Ef fi ciency value of 2.5 ± 0.12⋅10–3 counts per Bq
(5.9 ± 0.3⋅10–2 counts per 46.5 keV pho ton) was very
close to the value of 2.27⋅10–3 counts per Bq ob tained
with other tech niques [8]. 
To de ter mine de tec tion limit (DL) for 46.5 keV
pho tons and 210Pb Min i mum De tect able Ac tiv ity
(MDA), a blank fil ter was counted for the time gen er -
ally adopted for fil ter anal y sis with LEPS de tec tor
(8⋅104 s). The re la tion for paired sam ple and blank
mea sure ments re ported by Cur rie [26] was adopted
and a value of DL= 27 counts and a MDA = 0.14 Bq
were de ter mined for 210Pb ac tiv ity. 
Ra don con cen tra tion  mea sure ments
Dur ing the 14-h air samplings, the am bi ent 222Rn
con cen tra tion level (CRn) was also mon i tored by a
Genitron AlphaGuard P2000Q Mon i tor based on a ion -
iza tion cham ber able to de tect low val ues of 222Rn con -
cen tra tions in the sam pled air (ac tive vol ume: 0.56 L;
min i mum de tect able con cen tra tion, MDC: 2 Bq m–3).
The equip ment was placed on the roof of our De part -
ment, close to the HVAS. Since the count ing in ter val
can not be set for more than 1 h, the 14 val ues cor re -
spond ing to the fil ter sam pling pe riod were added to
find an 222Rn av er age con cen tra tion in the same ref er -
ence pe riod.
To per form some com par a tive anal y ses it was
use ful to know the equi lib rium equiv a lent con cen tra -
tion (EEC), i. e., the 222Rn con cen tra tion, in equi lib -
rium with the short-lived daugh ters, that would have
the same po ten tial al pha en ergy per unit vol ume as the
ex ist ing mix ture. EEC eval u a tion can be car ried out
through the knowl edge of the equi lib rium fac tor (FEQ)
ac cord ing to
EEC Rn EQ= ⋅C F (1)
To this goal, si mul ta neous mea sure ments of
222Rn con cen tra tion by a SILENA PRASSI  (Por ta ble
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Ra don gas Sur vey me ter) Model 5S, and of Work ing
Level (WL), a quan tity re lated to the con cen tra tion of
the de cay prod ucts, by a SILENA Ra don/Thoron
Daugh ters Me ter (Model 4S), were per formed near the 
HVAS. PRASSI'S built-in de tec tor is a 2-li ter Lucas
cell, with in ter nal walls coated with ZnS(Ag) cou pled
with a low gain-drift photomultiplier. The SILENA 4S
Me ter is pro vided with a sil i con solid-state de tec tor
able to spec tro met ric dif fer en ti ate the al pha emis sion
of 222Rn and 220Rn daugh ters. For both de tec tors, an
in te gra tion time set ting was 4 hours.
RE SULTS AND DIS CUS SION 
The high sam pled air vol ume and use of LEPS
HPGe de tec tor al low to turn out val ues of 46.5 keV
photopeak count-rate larger than the de tec tion limit of
spec tro met ric anal y sis sys tem in di rect gamma-ray
mea sure ments per formed a few days af ter the sam -
pling. Fig ure 1 shows a typ i cal gamma ray spec trum
de tected on a par tic u late sam ple high light ing 46.5 keV 
gamma emis sion and Bi X-rays.
Out door air 222Rn con cen tra tion was eval u ated
in the same 14 h sam pling pe riod by com put ing, as
above de scribed, an arith me tic av er age of the val ues
fur nished by AlphaGuard P2000Q dur ing the same fil -
ter sam pling time.
For the aims of this work, 222Rn mea sure ments
with over all un cer tainty of more than 50 % have not
been taken into ac count, as well as the eval u a tion of
222Rn con cen tra tion lower than MDC that were con -
sid ered un re li able. This re sulted in the se lec tion of 118 
val ues that, to gether with the cor re spond ing 210Pb fil -
ter ac tiv ity eval u a tions, formed the ex per i men tal ba sis
for the test on the cor re la tion. With ref er ence to nu -
mer i cal val ues, 222Rn con cen tra tions var ied from 2.1
to 11.1 Bqm–3, with an av er age value of 5.4 Bqm–3 and
un cer tain ties in the range 23 %-47 %. As for 210Pb, all
mea sure ments were higher than the de tec tion limit,
with ac tiv ity on fil ter rang ing from 0.3 to 19 Bq. The
de rived 210Pb air ac tiv ity con cen tra tions ranged be -
tween 0.05 and 1.3 mBqm–3, with an av er age value of
0.52 mBqm–3 and stan dard de vi a tions rang ing be -
tween 2 % and 16 %.
The cor re la tion was ver i fied by an in ter po la tion
of the ex per i men tal points with a straight line pass ing
through the or i gin of the axes (fig. 2), re sult ing as  
C CRn Bqm Pb) [mBqm[ ] . . ( ]
− −
= ±3 210 390 22
with C(210Pb) the 210Pb air con cen tra tion ex pressed in
mBqm–3. The high un cer tainty value of the co ef fi cient
was largely re lated to the sta tis ti cal pre ci sion of the
mea sure ments (re ported in fig. 2), of 222Rn con cen tra -
tion in par tic u lar, which low lev els go up/down in
value quite rap idly dur ing the sam pling time (night
hours).
To con firm the va lid ity of the ex per i men tal test,
a com par i son of the cor re la tion co ef fi cient with the
value of out door air re ported in [11] as func tion of
EEC was car ried out. To this goal, an ex per i men tal
eval u a tion of FEQ was per formed in a 5-days test by
us ing both the SILENA PRASSI 222Rn mon i tor and
SILENA Model 4S, which out put in terms of WL can
be con verted to EEC since, at ra dio ac tive equi lib rium
be tween 222Rn and its prog eny, 1 WL cor re sponds to
EEC = 3.7⋅103 Bqm–3. Fig ure 3 re ported the 222Rn con -
cen tra tion, EEC and FEQ val ues ob tained dur ing test
days. The mean value of the equi lib rium fac tor FEQ
was 0.65 ± 0.20, i. e., close to rounded value of 0.6 re -
ported by UNSCEAR [27], and, con sid er ing also the
large sta tis ti cal fluc tu a tion of the mea sure ments, can
be con sid ered com pa ra ble with the Kojima [28] best
es ti mate FEQ = 0.51 ± 0.12. As sum ing FEQ value of
0.65 for out door air, a re la tion ship be tween 210Pb con -
cen tra tion in air and EEC was ob tained
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Fig ure 1. Gamma-ray spec trum of a par tic u late sam ple
col lected on fil ter and an a lyzed with LEPS de tec tor
Fig ure 2. Cor re la tion be tween the 14 h-av er age air
con cen tra tions of 222Rn and 210Pb
Fig ure 3. Val ues of air 222Rn con cen tra tion and EEC
mea sured near the sam pling sta tion, and cor re spond ing
be hav iour of equi lib rium fac tor, FEQ. Mean value was
FEQ = 0.65 ± 0.20
C( ) . ]210 Pb EEC [Bqm= ⋅ − −72 10 5 3
with a co ef fi cient very close to 7.5⋅10–5 re ported in
[11], which con firms the con sis tency of the ex per i -
men tal ap proach, re gard less of un cer tainty ex tent.
An anal y sis of the causes of un cer tainty has been 
made with ref er ence to  pa ram e ters for par tic u late
sam pling and mea sure ments given in [29, 30]. Some
of the pa ram e ters that may be af fected by un cer tain ties
were al ready taken into ac count by the meth ods used
to de ter mine 210Pb and 222Rn air ac tiv ity. Among them, 
the reproducibility of source po si tion ing and ge om e try 
was as sured by adopt ing the „packet-sam ple” ge om e -
try and a Plexi glas box in side which was placed on the
fil ter con tained in a poly eth yl ene bag. No cor rec tion
for den sity and atomic com po si tion was re quired since 
the fil ters, on av er age, had the same weight and com -
po si tion of the cal i bra tion sam ple.
As re gards in sta bil ity of the gamma-ray spec tro -
met ric sys tems, a vi sual ob ser va tion leads eas ily to
iden tify the 46.5 keV photopeak po si tion while the
count ing times have been cho sen so to have un cer tain -
ties of no more than 20 % in the photopeak area val ues
even with low ac tiv ity. Cor rec tion for dead time,
pile-up and ac ci den tal loss of count were per formed
by spec tro met ric anal y sis soft ware. More at ten tion de -
serves the fil ter ef fi ciency, i. e., the ra tio be tween
quan tity of par tic u late ef fec tively with held by the fil -
ter and to tal par tic u late mat ter fil tered. As the ab so lute
value of 210Pb ac tiv ity de pends on fil ter ef fi ciency, a
ver i fi ca tion of the value of 75 % fur nished by fac tory
(Sofiltra Poelman) was needed. Mea sure ments per -
formed on samplings car ried out with two fil ters,
mounted one in front of the other, pointed out an ef fi -
ciency value for 210Pb of 76 % ± 5.5 %, with a very
good agree ment with the fur nished value. The sta tis ti -
cal pre ci sion for 210Pb mea sure ments is re lated to
countings with 150,000 s life time for the first sam ple
and 640,000 s life time for the sec ond fil ter (count rate:
2.0 ± 0.1⋅10–3 counts per second). 
As al ready men tioned, un cer tainty on air vol ume 
sam pled V was fur nished by the tur bine man u fac turer
as DV/V = 1 %, cor re spond ing to what in di cated by
Makarewicz [30]. More im por tance had the vari a tion
of the flow rate dur ing the same sam pling pe riod. It
points out a quasi-lin ear time vari a tion of air-flow rate, 
with a de crease of about 20 % in 14-hours suc tion
time. As a rel a tively sig nif i cant de crease in flow rate
was noted in the re main ing hours of the day, de pend -
ing on quan tity of par tic u late mat ter or weather con di -
tions, it was thought not to ex tend the sam pling for the
en tire day.
Fi nally, 210Pb to tal ac tiv ity does not pro vide ex -
actly the value of the 210Pb air con cen tra tion, as a frac -
tion of ac tiv ity can be at trib uted to short-lived 222Rn
daugh ters de cay on fil ter. How ever, as stated in other
works [10, 11, 31] and con firmed in some out door
short-time (1 h) ex per i men tal samplings,  con tri bu tion
of short-lived 222Rn daugh ters de cay on fil ter to the
value of 210Pb ac tiv ity can be con sid ered in al most all
sam ples neg li gi ble, or at most, sta tis ti cally not sig nif i -
cant (2-8 %) with re spect to the 210Pb ac tiv ity stan dard
de vi a tion. There fore, 210Pb air ac tiv ity con cen tra tion
mea sure ment pro ce dure de scribed in this work can be
con sid ered re li able and used also in rou tine mon i tor -
ing.
CON CLU SIONS
A pre lim i nary ex per i men tal test to ver ify a cor re -
la tion be tween out door 222Rn con cen tra tion and 210Pb
ac tiv ity col lected on fil ter, was pre sented. The eval u a -
tion of 210Pb air con cen tra tion through gamma-ray
spec tro met ric mea sure ment of air par tic u late col lected 
on fil ter al lows to es tab lish a weak cor re la tion with
222Rn con cen tra tion in the same sam pling time pe riod.
Lead-210 ac tiv ity above MDA can be surely ob tained
by long time (14 h) samplings, and 210Pb air ac tiv ity
con cen tra tion mea sure ment pro ce dure can be used
also in rou tine mon i tor ing of en vi ron men tal ra dio ac -
tiv ity. Mea sure ments of out door Ra don con cen tra tion
per formed with a com mer cial 222Rn mon i tor were af -
fected by rel a tive high un cer tain ties, so this re sult can
be con sid ered only as a pre lim i nary test. Adopt ing a
222Rn mon i tor with lower de tec tion limit, un cer tain ties 
can be re duced, and this search can be im proved ob -
tain ing a better cor re la tion de gree be tween out door
222Rn air con cen tra tion and 210Pb ac tiv ity on fil ter. The 
ev i dence of cor re la tion could con firm the hy poth e sis
that both 222Rn and 210Pb are em bed ded in the same air
masses and can be used as a tracer to study at mo -
spheric aero sol trans port.
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Elio A. G. TOMARKIO
EKSPERIMENTALNO  ODRE\IVAWE  KORELACIJE  IZME\U
KONCENTRACIJE  222Rn  U  SPOQA[WOJ  SREDINI  I  AKTIVNOSTI
210Pb  U  UZORKOVANIM  ^ESTICAMA  VAZDUHA
Namera ovog rada je da se odredi korelacija izme|u koncentracije 222Rn u spoqa{woj
sredini i aktivnosti 210Pb u ~esticama vazduha uzorkovanim filterom. Postojawe korelacije bi
moglo podr`ati hipotezu da su i 222Rn i wegov dugo`ive}i potomak 210Pb ugra|eni u iste mase
vazduha i da podle`u istim fenomenima transporta vazduha. Aktivnost 210Pb odre|ena je
spektrometrijom gama zra~ewa nekoliko dana posle uzorkovawa, dok je koncentracija 222Rn merena
primenom komercijalnog monitora. Eksperimentalni testovi su kao preliminarni rezultat
pokazali postojawe slabe korelacije izme|u koncentracije 222Rn  i 210Pb u vazduhu usled velike
nesigurnosti pri merewima koncentracije 222Rn u spoqa{woj sredini.
Kqu~ne re~i: 222Rn, 210Pb, filtrirawe vazduha, atmosferska ~estica, gama spektrometrija
